Background: The aim of this study was to examine the association between myocardial strain and arterial thickness and stiffness in young adults. Increased common carotid artery intima media thickness and peripheral arterial stiffness are known to precede coronary artery disease and cardiovascular (CV) events such as myocardial infarction and congestive heart failure. However, subclinical cardiac dysfunction can be detected in high-risk adults by myocardial strain echocardiography. The authors hypothesized that increased carotid artery intima media thickness would be associated with abnormal myocardial strain in young subjects who had obesity and type 2 diabetes mellitus.
1 which may be preceded by subclinical cardiac dysfunction.
The importance of evaluating left ventricular (LV) systolic mechanics in risk stratification is demonstrated in the work of Stanton et al., 2 who studied 546 subjects, of whom half were hypertensive, half had dyslipidemia, 20% had diabetes, and one third had previous myocardial infarctions. In these high-risk adults, global longitudinal strain was a better predictor of outcome after 5 years compared with ejection fraction or wall motion score index, and the superiority of strain to traditional echocardiographic measures in predicting incident CV disease was demonstrated.
It is hypothesized that cardiac abnormalities may be due to arterial stiffening caused by CV risk factors. 3 Lembo et al. 4 found that global longitudinal strain was lower in adults in the highest tertile of pulse pressure, a rough estimate of arterial stiffness, and in our previous study of adolescents, global arterial stiffness index was an independent correlate of LV mass in adolescents and young adults. 5 Whether subtle reduction in systolic function (less negative values for strain) related to arterial dysfunction can be demonstrated in adolescents and young adults with normal ejection fractions is not well described. In these analyses, we tested the hypothesis that CV risk factor-related changes in arterial measures would be independently associated with reduced myocardial strain and strain rate in young subjects.
METHODS

Subjects
Data were collected from 338 subjects in a prospective longitudinal study designed to evaluate the CVeffects of obesity and type 2 diabetes mellitus (T2DM) on adolescents and young adults. Although risk factors, vascular data, and limited echocardiographic parameters were obtained at baseline, cardiac strain was added at the follow-up visit, when subjects had a mean age of 22 years (38% male, 63% nonCaucasian). For the initial study, all subjects with T2DM between 10 and 23 years of age seen at the Cincinnati Children's Hospital endocrinology clinic were eligible. Subjects with diabetes who were recruited were matched by age, race, and gender to both lean (body mass index [BMI] < 85th percentile) and obese (BMI $ 95th percentile) control subjects. The BMI percentiles were obtained from the Centers for Disease Control and Prevention growth charts. All obese patients were proved nondiabetic by a 2-hour oral glucose tolerance test. Pregnant women and subjects with preexisting cardiac disease were excluded from enrollment in the original cohort. Institutional review board approval was obtained and consent obtained from all subjects or their guardians (if subjects were <18 years of age).
Data Collection
Two measures of height and weight were taken using a stadiometer (Holtain, Crymych, United Kingdom) and a digital scale (SECA, Hanover, MD), and the mean values were used. Blood pressure (BP) was measured with a mercury sphygmomanometer according to the 2011 National Institutes of Health CVrisk reduction guidelines for adolescent 6 or according to current adult recommendations. 7 Careful attention was paid to cuff size and measurement technique. The average of three measures of systolic BP, diastolic BP, and heart rate were used in analyses.
Blood samples were obtained after a minimum 10-hour fast. Plasma glucose was measured with a Hitachi glucose analyzer with intra-assay and inter-assay coefficients of variation of 1.2% and 1.6%, respectively. 8 Plasma insulin was measured by radioimmunoassay with an anti-insulin serum raised in guinea pigs, 125 I-labeled insulin (Linco, St. Louis, MO), and a double-antibody method to separate bound from free tracer. This assay has a sensitivity of 2 pmol and has intra-assay and inter-assay coefficients of variation of 5% and 8%, respectively. 8 Lipid profile assays were performed in a laboratory standardized by the National Heart, Lung, and Blood Institute and the Centers for Disease Control and Prevention. The low-density lipoprotein (LDL) cholesterol concentration was calculated using the Friedewald equation. High-sensitivity C-reactive protein was measured using an enzyme-linked immunosorbent assay. Glycated hemoglobin (HbA 1c ) was measured in red blood cells using high-performance liquid chromatography.
CV Testing
All measurements were obtained by certified sonographers and vascular technicians blinded to study group assignment.
Cardiac Structure. Echocardiography was performed on a GE Vivid 5 or 7 (GE Medical Systems, Milwaukee, WI) ultrasound system. All images were obtained with the participant in the left lateral decubitus position to acquire parasternal long-axis, parasternal short-axis, and apical four-chamber views for a total of three cardiac cycles. Absence of structural heart disease was confirmed, and the mean of three readings of LV end-diastolic intraventricular septal, end-diastolic septal thickness, and end-diastolic posterior wall thicknesses were measured offline by one sonographer using a Digiview Image Management and Reporting System (Digisonics, Houston, TX). LV mass was calculated using the Devereaux formula 9 and normalized to height 2.7 as recommended by de Simone et al.
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Cardiac Diastolic Function. Mitral inflow velocity was obtained with pulsed-wave Doppler parallel to mitral inflow in the apical four-chamber view and maximal velocity measured at the mitral valve leaflet tips. The mitral peak E (early filling) and A (inflow with atrial contraction) waves were measured offline, and the E/A ratio was calculated. Doppler tissue imaging of myocardial velocities was acquired in the apical four-chamber view, using color Doppler recordings. The peak and late velocities of mitral annular flow were recorded at both the septal annulus and lateral annulus. Ea/Aa ratios were calculated in addition to E/average of Ea lateral and E/Ea septal. The E/Ea ratio corrects for myocardial relaxation in transmitral flow (E) and has been shown to correlate with LV end-diastolic pressure. 7 In adults, an E/Ea ratio <10 is normal.
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Cardiac Systolic Function. Global longitudinal strain from the four-chamber view (GS 4-chamber) and global strain rate in systole (GSRs) were obtained with tissue velocity imaging using a Doppler tissue technique (not speckle-tracking) from the apical four-chamber view using high-resolution images (>80 frames/ sec). Doppler tissue imaging was also obtained from the parasternal short-axis view for measurement of circumferential strain (circumferential shortening). 12 Images were analyzed using GE EchoPAC (GE Medical Systems). The sonographer identified the medial mitral valve annulus, the apex, and the lateral mitral valve annulus and the software automatically traced the endocardial and epicardial borders. If two or more of the six segments averaged for global strain were missing, the image was reread until no or up to one segment was rejected by the software. Images with two or more rejected segments were excluded from the analyses. Reproducibility of global strain and strain rate in the fourchamber view was good, with coefficients of variation of 5.4% and 8.7%, respectively. Reproducibility of strain obtained from the parasternal short-axis views was lower (higher coefficients of variation of 17.5% and 15.3%, respectively). Carotid Intima-Media Thickness. The carotid arteries were evaluated with high-resolution B-mode ultrasonography using a Vivid 7 (GE Vingmed Ultrasound, Horten, Norway) ultrasound imaging system with multifrequency linear-array transducers at 7 to 14 MHz. The thickest carotid intima-media thickness (cIMT) of the far wall of each carotid segment was measured using a manual trace (Vericis Merge; Emageon, Birmingham, AL) technique of the common carotid, carotid bulb, and internal carotid artery. cIMT measurement inter-observer variability in our laboratory has been documented at <5% and intraobserver variability at 1.9% (unpublished data). Brachial Artery Distensibility. Brachial artery distensibility (BrachD) was measured using a DynaPulse device (PulseMetric, San Diego, CA) using a validated and reproducible method of pulse waveform analysis that is independent of body size and baseline brachial artery diameter. 13 The average values of three resting measures of BrachD were used in analyses. This is a reproducible measure with coefficients of variability of <9%. 14 
Statistical Analysis
Statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). Average values for the demographic, anthropometric, and laboratory data were obtained by group. Analysis of variance was performed for continuous variables and c 2 tests for categorical variables to determine statistically significant differences by group. Variance-stabilizing transformations were performed as necessary for analyses. Associations between strain variables and risk factors were assessed by correlation analysis. Variables that were significant in bivariate analyses (age, sex, race, BMI Z score, mean arterial pressure [MAP] , study group, triglycerides, highdensity lipoprotein [HDL] cholesterol, LDL, HbA 1c , high-sensitivity C-reactive protein, and medication use) were included in the final general linear models constructed to determine if vascular function and/or structure were independent correlates of GS four-chamber and GSRs. Bonferroni correction was used to adjust for multiple comparisons. To illustrate the effect of obesity on strain, subjects were stratified by tertiles of obesity, and analysis of variance was performed to determine differences in strain by BMI tertile.
RESULTS
The characteristics of the study population stratified into three subgroups (lean, n = 112; obese, n = 121; T2DM, n = 105) are presented in Table 1 . There were no differences in race, but there were a higher proportion of male subjects in the lean group. By design, the differences in weight and BMI were significantly different between the lean and both the obese and T2DM groups. In general, CV risk profile (adiposity, BP, lipids, glycemic control, and inflammation) worsened from lean to obese to T2DM subjects. There was a graded increase in systolic BP from lean to obese to diabetic groups (112.2 vs 117 vs 121 mm Hg, P < .05). The lean group had more favorable diastolic BP, HDL cholesterol, insulin, and high-sensitivity C-reactive protein compared with the obese and diabetic groups. Both the lean and obese groups had lower heart rate, LDL cholesterol, triglycerides, glucose, and HbA 1c compared with the diabetic group (P # .05 for all). ) were worse (lower absolute magnitude of shortening) in the obese and T2DM groups compared with the Journal of the American Society of Echocardiography Volume 31 Number 1 lean group. The global strain rate in systole (GSRs) showed a trend of worsening in the T2DM group compared with the obese group (P = .08). Circumferential strain measured from the parasternal short axis also demonstrated less shortening in diabetic versus lean subjects (lean, À16.1%; T2DM, À14.7%). There was no difference in circumferential strain rate. BrachD was lower from lean to obese to T2DM (lean, 6.38%/mm Hg; obese, 5.62%/mm Hg; T2DM, 5.23%/mm Hg), reflecting increased arterial stiffness. In the common carotid (lean, 0.469 mm; obese, 0.496 mm; T2DM, 0.531 mm) and the carotid bulb (lean, 0.496 mm; obese, 0.520 mm; T2DM, 0.573 mm), intima-media thickness was lower in the lean and obese groups compared with the T2DM group. In the internal carotid (lean, 0.394 mm; obese, 0.434 mm; T2DM, 0.448 mm), lean subjects had lower cIMT than the obese and T2DM subjects (P < .05 for all).
Bivariate analyses revealed significant associations (P # .05) between GS four-chamber and GSRs with BMI, BP, lipids, and HbA 1c . GS four-chamber and GSRs were associated with peripheral arterial stiffness (lower BrachD) and changes in structure (thicker cIMT; Figure 1 ), although the overall correlation was weak (R 2 between cIMT and GS four-chamber = 0.11, P < .01). Table 3 shows multivariate models with standardized b coefficients for parameters associated with GS four-chamber. Vascular parameters were not independently associated with circumferential strain measured in the short axis. Common cIMT was an independent correlate of GS four-chamber with age, male sex, adiposity, BP, and HDL cholesterol also contributing (GS four-chamber = À10.2 + 3 Â common cIMT À 0.11 Â age + 0.79 Â male sex + 0.92 Â BMI Z score + 0.062 Â MAP À 2.2 Â HDL cholesterol; R 2 = 0.34, P < .0001). Therefore, 34% of the variability in GS four-chamber is explained by the parameters remaining in the model. Common cIMT was also an independent correlate of GSRs (GSRs = À0.82 + 0.0053 Â common cIMT + 0.05 Â male + 0.06 Â BMI Z score; R 2 = 0.21, P < .0001). BrachD was an independent correlate of GS fourchamber with male sex, race, and BP as other important determinants (GS four-chamber = À15.9 À 4.2 Â BrachD + 1.0 Â male sex + 0.098 Â MAP; R 2 = 0.22, P < .0001). HbA 1c did not enter any model. The standardized b coefficients demonstrate that adiposity had the largest effect on GS four-chamber, such that in the common cIMT model, a 1-unit increase in BMI Z score led to a 0.18-unit reduction in GS four-chamber. For the BrachD model, MAP was the strongest contributor, such that a 1 mm Hg increase in MAP led to a 0.30-unit decrease in GS four-chamber. Overall, only a modest amount of the variability in GS four-chamber was explained by the models. To better visualize the effect of arterial stiffness, adiposity, and MAP on GS four-chamber, mean GS four-chamber is also displayed by tertiles of common cIMT, BrachD, BMI, and MAP ( Figure 2) . A significant reduction in strain is seen with increasing arterial stiffness (higher cIMT or lower BrachD), adiposity, or BP (P for trend < .01 for all).
DISCUSSION
Our data demonstrate a worsening of CVrisk profile from lean to obese to subjects with T2DM. Furthermore, GS four-chamber and GSRs were significantly worse in both obese subjects and those with T2DM compared with lean subjects. Measures of arterial stiffness (BrachD) and structure (cIMT) were independent correlates of strain measures even after adjusting for CVrisk factors. The risk factors that most consistently entered the models were adiposity and BP. Adiposity and HDL levels also contributed to the models including cIMT.
The reduction in strain in high-risk subjects may be related to risk factor-related increased arterial stiffness, as similar to our results, Ye et al. 15 found that characteristic aortic impedance, which represents LV afterload, was associated with worse (less negative) global longitudinal strain, and this relationship remained after adjustment for CV risk factors and history of myocardial infarction and stroke. In another study of adults with type 1 diabetes mellitus, a strong correlation was found between pulse-wave velocity measured with magnetic resonance imaging and left atrial strain. 16 Direct comparisons cannot be made to our study, however, because the authors did not measure LV strain. Only one small (n = 21) study related cardiac strain to vascular structure and function in youth (mean age, 14 6 2 years). 17 The obese adolescents had lower longitudinal LV strain associated with higher cIMT and lower arterial distension compared with normal-weight control subjects. Furthermore, ventricular vascular coupling as measured by the ratio of arterial elastance to LVend-systolic elastance measured by echocardiography was abnormal in obese children, and longitudinal deformation abnormalities were related to the vascular measures. 17 Our study extends these observations to a larger (although somewhat older) group of highrisk young adults by replicating the relationship between vascular measures and reduced strain.
The effect of CVrisk factors on strain has been previously evaluated in adults. Reduced strain has been demonstrated in the presence of obesity, 18, 19 hyperinsulinism, 20 diabetes, [21] [22] [23] and elevated BP. [24] [25] [26] However, few studies of strain have been conducted in children. Obert Figure 1 Regression of global strain on common cIMT (mean, 95% CI, R 2 = 0.11, P # .0001). A linear relationship is seen between increasing cIMT and reduced global strain, indicating worsening cardiac systolic function with thicker carotid arteries. et al. 27 studied 37 asymptomatic adolescents (mean age, 14 years) with severe obesity, none of whom had diabetes, hypertension, coronary artery disease, or obstructive sleep apnea. They found impaired myocardial LV longitudinal strain and strain rate compared with lean control subjects. Ingul et al. 28 from Norway found a similar reduction in strain in less severely obese youth (mean age, 14.8 years). Our study confirms that reduced strain related to adiposity and elevated BP can be identified in adolescents and young adults and for the first time demonstrates a relationship between arterial health and cardiac strain. Although the CARDIA study also found a relationship between HbA 1c and strain in a large cohort of late middle-aged adults, 29 we did not find an independent effect of HbA 1c on strain in multivariate models. It is possible that longer exposure to glycemic dyscontrol is needed before HbA 1c becomes significant (our cohort was younger), or it is possible that vascular structure and function have more powerful effects on strain in young subjects.
Fortunately, weight loss and exercise may be useful in improving myocardial mechanics. One study compared strain in 28 adults following bariatric surgery who had significant weight loss and compared them with 35 obese patients managed conservatively. 22 The investigators found that longitudinal strain was significantly reduced in patients with obesity but improved in the surgical group after weight loss. Ingul et al. 28 also showed that aerobic exercise intervention of 40 min/wk resulted in resolution of impaired global strain and strain rate in the study of obese adolescents (mean age, 14.8 years).
Study Limitations
Although an association between vascular measures and cardiac strain was found, because of the cross-sectional nature of our study, causality cannot be inferred. We also did not have access to magnetic resonance imaging, which would have allowed evaluation of radial strain. Furthermore, reproducibility of strain measures by MRI is superior to echocardiography. 30 Also, because of our study design, our population was enriched with subjects with T2DM, reducing its generalizability to cohorts of young subjects enriched with other CV risk factors such as hypertension or dyslipidemia.
General limitations of strain imaging include more difficulty in imaging in obese subjects. However, we included only subjects with optimal images. Strain may also differ with preload, 31 but our subjects came to the laboratory fasting for their blood work. Although Doppler tissue imaging methods to measure strain have higher resolution than speckle methods, the Doppler tissue imaging method is dependent on precise angle placement of the Doppler transducer. 32 There may also be other factors contributing to vascular dysfunction that influence the development of myocardial strain abnormalities that we did not measure. These may include advanced glycation end-products, 33 oxidized LDL, 34 and fibroblast growth factor, 35 substances associated with vascular parameters and cardiac structure and function.
CONCLUSIONS
Our data show that subclinical myocardial change is present at a young age in subjects with obesity and T2DM. We also found that vascular measures were independent correlates of decreased strain. This suggests that CV risk factor-related arterial abnormalities may lead to cardiac dysfunction, eventually leading to hard CV events. Further investigation to characterize correlates of and the time course for development of cardiac strain abnormalities will aid in determining appropriate interventions and their timing. Figure 2 Global longitudinal strain stratified by arterial stiffness, BMI, and MAP. There was a significant decrease in strain with increasing common cIMT, BMI, or MAP or decreasing BrachD (P for trend < .01).
